Abstract: We study theqq-hybrid mixing for the vector mesons and theqq-glueball mixing for the scalar mesons in Monte-Carlo based QCD sum rules. By calculating the two-point correlation function of aqγ µ q (qq) current and another hybrid (glueball) current we are able to estimate the mass and the decay constants of the corresponding mixed "physical state" that couples to both currents. However our results do not support strong mixing between both the 1 −− and the 0 ++ states.
Introduction
Many experimental observations of new hadrons have suggested more abundant meson spectroscopy than what is suggested by the quark model [1] , and researchers constructed many other models to explain meson states like hybrids, tetraquarks, glueballs, etc [2] [3] [4] . In virtue of QCD sum rules (QCDSR) based on the QCD correlation function plus an appropriate spectral density, one can study the constituents of hadrons by using different interpolating currents [5] . Fruitful results on exotic states including heavy and light multiquark states and glueballs have been obtained [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, we know these states and the ordinaryqq mesons can mix with each other via QCD interaction. The mixing scenario may affect the analyses of QCDSR based on the pure constituent scenario. Because of non-perturbative QCD, it is not easy to understand the hadrons' mixing quantitatively. Some researchers used the Low Energy Theorem or other methods [27, 28] to study the constituents of possible mixed states and got different results. In this work, we introduce a QCDSR-based approach to deal with this problem.
In QCDSR, one normally calculates the two-point correlator of a current and its Hermitian conjugation, and by inserting a complete set of particle eigenstates between the two currents, one can pick up a state which has the "strongest signal" in the spectral density, i.e., this state has a relative low mass and a relative strong coupling to the current. In the scenario of a perturbation theory, the structure of the current reflects the dominant constituents of the corresponding state. However, because of the non-perturbative QCD effects, it is still possible that the state also couples to different currents in comparable strength, therefore it is interesting to consider the two-point correlator of two different currents. One can still insert a complete set of eigenstates and as well pick up the state with the "strongest signal". Certainly, such a state should have a relative low mass and couple to both currents relatively strongly. If such a state involves strong mixing, which means it contains large constituent of both pure states, the corresponding couplings of both currents can receive considerable values. Therefore the "mixing degree" can be reflected by the product of the decay constants, for which we will give a more precise definition in the next section. By estimating the mass the "mixing degree" and taking into account the experimental results, one can get an insight into the constitution of the corresponding states.
In this paper, we study two quantum numbers 1 −− and 0 ++ that have long been considered to involve the mesons' mixing [1] . First, there are quite a few vector states found in experiments [1] which are in principal difficult to be all explained by the naive quark model. More specially, ρ(1450) and ρ(1570) are too close to each other, which violates the rule of Regge trajectory. Meanwhile, the 1 −− hybrid is expected to be degenerate with the 1 −+ hybrid [2, 29] which is believed to be around 2 GeV [10, 12] . So it is interesting to see whether there is a big mixing between 1 −−states and hybrid states. Second, we also pay our attention to the many 0 ++ states that lie in the range 0.6-1.7 GeV, most of which have not been well understood. It is generally believed that some of them can be candidates of glueballs [1] . The 0 ++ glueball mass is predicted to be 1.5-1.7 GeV in Lattice QCD, and large mixing between theqq and the glueball is generally expected [25] . Our investigation of the mixing between the 0 ++states and the glueballs can help understand some of them. In the following, we first introduce our method in section 2. Then we discuss 1 −− states and 0 ++ states in section 3 and section 4 respectively. Finally we give our summary and conclusions in the last section.
Fit method and mixing degree
In QCDSR, the hadrons' mixing problem normally is considered by the two-point correlator
where j a and j b have the same quantum number, c is a real parameter to describe the mixing strength, and
The correlator obeys dispersion relation
Obvisouly (2.3) can be divided into three independent equations
By tuning the parameter c, one can obtain the best sum rules vis the equation (2.3). However, the mixing normally is minor and is easily covered up by the dominate constituent in the full correlator Π(q 2 ). In order to highlight the information from the mixing, it is better to consider the mixing correlator Π ab (q 2 ) alone. In the following, we will consider the correlator Π ab (q 2 ) with j aµ = µφαβq (x)gG αφ γ 5 γ β q(x) and j bν =q(x)γ ν q(x) for 1 −− , and j a = mq(x)q(x) and j b =α s G a µν G a µν for 0 ++ . The correlator Π ab (q 2 ) can be calculated by using operator product expansion (OPE) [5] . On the other hand, by using the narrow resonance spectral density model, i.e.,
where f a and f b are the couplings of the ground state to the corresponding currents respectively, and s 0 is the continuum threshold which separates the contributions from excited states, we also can express the correlator Π ab (q 2 ) through the dispersion relation:
By demanding the equivalence of the two expressions, we obtain the master equation for QCDSR:
After Borel transformation, the master equation can be written as
(2.8)
By placing the contributions from excited states on the OPE side, we finally obtain
where m 0 is mass of the state which has the strongest signal. Because each particle's contribution is proportioned to exponential function and the excited states' contribution would be quickly declined by e −m 2 τ , m 0 should not be much heavier than ground state's mass. Meanwhile, the value of f a f * b + f * a f b plays an important role. If there is a state with a large mixing, its signal may overwhelm the ground state and be selected out. Otherwise, the ground state will dominate the correlator. The master equation (2.9) is the base of our analysis.
Because of the truncation of the OPE and the simplified assumption for the phenomenological spectral density, Eq.(2.9) is not valid for all value of τ , thus the determination of the sum rules window, in which the validity of (2.9) can be established, is very important. In literature, different methods are used in the determination of the sum rules windows of τ [10, 11] . In this paper, we determinate the range of τ by demanding the resonance contribution is more than 50% in R (phen) (τ ), and the Highest Dimension Contribution (HDC) is less than 10% in R (OPE) (τ ).
We used Monte-Carlo based QCD sum rules analysis method to test values for
where σ OPE (τ i ) is standard deviation of R OPE (τ i ) at the point τ i , and the sum rules window is divided into 20 even parts. In order to estimate the mixing degree of the physical state both strongly coupled with the two different currents, we define
where f a and f b are decay constants of relevant current with a pure state. By absorbing the additional mass in the definitions of f a and f b , we could compare the magnitude of decay constants and estimate the mixing degree in same level. Obviously, a larger N means stronger mixing degree of states. However, we could not point out which part dominate in mixed state when N is small. In this case, we could compare the mixed state's mass to two relevant pure states' mass, and we suggest that mixed state is dominated by the part which mass is close to mixed state mass. The exact mixing degree depends on the definition and normalization of mixed state. For example, if we define the mixed state as
where |M is mixed state which has A and B part, and θ is mixing angle. In this definition and normalization of mixed state, we could see that N ≈ cos θ sin θ, and N ∈ 0, 1 2 . It is a roughly estimation and we do not discuss the exact mixing degree in this paper.
The central values of input parameters are listed in Table 1 . All sets of input parameters are generated with 10% uncertainties, which is a typical uncertainty in QCDSR, then the χ 2 can be estimated to fit the two sides of Eq.(2.9). In case of dealing current with s quark, ss =0.8will be used.
Hybrid andqq mixed state
Both the hybrid current j 1µ = µφαβq (x)gG a αφ T a γ 5 γ β q(x) and theqq current j 2ν =q(x)γ ν q(x) can couple with 1 −− states. To study the mixing of 1 −− state which has hybrid andqq ] meson content, we start from the mixing correlator described in the previous section, i.e.,
Since j 2ν is conserved, Π µν (q 2 ) has form
To calculate the result of OPE for Πq G(q 2 ), we use the massless quark propagator up to term
in our calculation, where S 0 represents free quark propagator, ∂ µ = ∂/∂ µ acts on all propagators to the right, and D µ = ∂ µ − igA a µ t a acts only on the nearest G µν . Collecting all the contributions of the correlator Πq Gfrom Figure 1 , we obtain
g 2 q 42 + 1 72
where we use BMHV scheme to calculate trace in D dimension to keep anti-commutativity of γ 5 [35, 36] . By using the 50%-10% method, we obtain the sum rules window with τ in the range of (0.31GeV −2 , 0.63GeV −2 ) for the 1 −− mixing correlator. Then, the solution of minimizing χ 2 is obtained The decay constants of current j 1µ and j 2µ with pure 1 −− hybrid andqq states respectively have been studied in literature, which give f= (0.770GeV) × (0.153GeV) for pure 1 −−state, and f qGq = (2.34 3 GeV 3 ) × (0.024GeV) for pure 1 −− hybrid state [37, 38] .
We absorb the additional mass in the definition of decay constants as pointed out in the previous section, then the mixing degree can be estimated by computing the value of N , which gives
where m mix is mass of mixed state, i.e., m mix = mq G. The reason why we should multiply the numerator of N by the square of mixed state mass is that we neglect the term q 2 g µν − q µ q ν in calculation, and we should retrieve this item in N . N =0.22 shows that the mixed degree is not as weak as imagine before since the mass of mixed state 0.770 GeV is much close to ρ meson, which was considered as very pureqq state before. Then N =0.22 is the strength (relative to the pure hybrid meson) of the coupling of ρ meson to the hybrid current. This suggests that the contribution from ρ meson to the sum rules for 1 −− hybrid is negligible. What the more information we can get is that ρ(1450) and ρ(1570) have few percent of hybrid. However, we do not exclude tetraquark andqq mixed state in this paper, which is a very possible 1 −− mixed state in same mass range.
4qq and glueball mixed state
In this section, we define
(j 3s = m ss (x)s(x)),
to study the mixing between 0 ++ quark-antiquark state (ūu +dd orss) and glueball state. Obviously chiral symmetry is broken if the mixing correlator
is non-zero, thus the perturbative contribution to the correlator must be proportional to the quark mass. Notice that the effect of the renormalization of the glueball current j 4 involving mixing need be included [39] , i.e., we should use the renormalized form of glueball current
in our calculation, where the upper script B means bare quantities, and we set D = 4 − in MS scheme. The mixing part of (4.3) will cancel log(−q 2 )/ divergence in the mixing correlator and keep the imaginary part of the correlator finite. Besides, gluon propagator has been used in our calculation [40] 
where G µν = f abc G c µν . The OPE result ofqq-glueball mixed state from Figure 2 is
where 8 dimension operators are factorized in order to conduct QCDSR analysis The sum rules window, τ ∈ ( 0.05 GeV −2 , 0.22 GeV −2 ) for u, d quark, and τ ∈ ( 0.10 GeV −2 , 0.22 GeV −2 ) for s quark are obtained by using the 50%-10% method. And the solutions of minimizing χ 2 are −0.07 GeV), (4.7) where the first line is solution for u, d quark case, and the second line is solution for s quark case. According to our result (4.7), we suggest f 0 (500) and f 0 (1710) are good candidates of these two states.
Finally, we estimate the mixing degree of these two states with same method we have used in the 1 −− case. The relevant decay constants with pure 0 ++state and glueball have been obtained in literature: f q =0.5GeV×0.64GeV for 1 2 (ūu +dd), f s =0.98GeV×0.41GeV forss, f G =1.53 2 GeV 2 ×1.01GeV for glueball [41] [42] [43] . Collecting all the parameters we could compute Nū uGG/ssGG
where we have used masses of u and s quarks at the energy scale µ 0 =2 GeV which corresponds to the window of τ we use in this case, i.e., We divide quark mass in calculation because of different definitions ofqq current. Compare to N in 1 −− , we could see that the mixing degrees of these two states are smaller but close to 1 −− case. It shows that these states are weakly coupled with one of two currents. This result should not be surprised because the mixing is chirally suppressed in the perturbative theory. It may not be true in low energy. However, in order to make OPE series convergence we have to use a window with a large energy scale. The coupling we obtain is in the energy scale far from the mass of the state. So our conclusion may be changed when the energy scale is down to the resonance mass. Besides, there is a large mass difference between f 0 (500) and f 0 (1710), which cannot be explained by the difference of the quark masses, so we suggest f 0 (500) is dominated byūu +dd and f 0 (1710) is dominated by glueball. It is easy to understand that there is a stronger mixing betweenss and glueball thanūu +dd and glueball, however, it is subtle why the sum rules selects a heavier glueball mixing with a few percent ofss rather than a lighterss with a few percent of glueball. The only reason given in the sum rules is that the couplings ofss state to the currents (4.1) is not as strong as those of the glueball state. In theory it is possible that there are more than one states giving comparable contributes to the correlator (even the simulation shows single pole model work well), then the average mass of these states should be between 600 MeV and 1700 MeV (that is the range of the low lying 0 ++ states found in experiments). We could use the mass prediction to estimate the mixing information. In the u, d quark case, the average mass is 750 MeV. This excludes the case that heavier states have a big contribution. In the s quark case, the result also prohibits a large contribution from the states much lighter than 1600 MeV.
Technically the prediction is sensitive to the strength of the mixing via perturbative processes which are proportional to the quark mass. In order to keep the convergence of OPE series, we use a window with a relatively small τ which certainly enhances the contribution from heavier states. Even though, the perturbative contribution in u, d quark case is still too small which causes the simulation result not quite stable. If we continue to decrease the value of τ , the single pole model does not work well, i.e., the excited states and continuum will give a big contribution. If we increase the value of τ to 0.3 GeV 2 , OPE series are not convergent. Obviously, nonperturbative contribution dominates the mixing even in 1 GeV energy scale where the QCD sum rules should work in most of cases. So only the window we choose is working in our case.
Summary
Through our calculation and analysis, we have obtained some interesting results. First of all, the mass prediction for the 1 −− mixed state is 0.775
−0.046 GeV, which is consistent with the mass of ρ(770) within the errors and very close to the obtained mass in QCDSR using solely the vector interpolating currentqγ µ q [37] . This result dosen't favour a big mixing between 1 −− lightqq and hybrid mesons.
For 0 ++ particles, we find the mass predictions are respectively 0.750
−0.118 GeV for theūu +dd-GG mixed state and 1.61 +0.06 −0.07 GeV for thess-GG mixed state. These results qualitatively show that f 0 (500) and f 0 (1710) can be candidates of these two cases. We have estimated the "mixing degree" defined in (2.11) for these states which represents whether the "physical state" under consideration is more of a mixed state or a pure state. From the mixing degrees one could see that these scalar states are likely not to be strongly mixed but to be respectively close to a pureqq meson and a pure glueball. In fact, ρ(770) is generally considered as a very pure state (which can also be seen from our previous analysis). If we set it as a standard to examine other states, we could see that f 0 (500) is even more pure than ρ(770), while f 0 (1710), which was considered as a strongly mixed state of aqq meson and a glueball, has a similar mixing degree as ρ(770).
Finally, it should be noted that the accuracy of our work is subject to some factors. For the 0 ++ case, we have to do our analysis in a window with a relatively large Borel scale 1 τ (compared to the resonance mass) to ensure the OPE convergence, which however may as well suppress the non-perturbative QCD effects that dominate the mixing. Besides, our analysis is also sensitive to the decay constants of the pure states (such as the 1 −− hybrid and the 0 ++ glueball) which have not been measured in experiments and thus rely on sum rule determinations and model calculations. Surely, it is complicated to rigorously consider the mixing in QCD, and our sum rule analysis provides estimates which suggest the effects of the mixing between hybrids/glueballs and ordinaryqq mesons are very limited in the vector and scalar channels. The study of this work can be extended to the mixing between tetraquarks and hybrids orqq states. It would be of particular interest if such mixing is not be suppressed by some (approximate) symmetries such as the chiral symmetry in the sum rule working interval. .9), and the middle line represents phenomenological side of (2.9), the error bars are induced by 10% uncertainty of the phenomenological parameters in calculation. Figure 5 . QCDSR matching result for thess-glueball mixed state: the dots represent QCD side of the master equation (2.9), and the middle line represents phenomenological side of (2.9), the error bars are induced by 10% uncertainty of the phenomenological parameters in calculation.
